Abstract. The mitigation of air pollution in megacities remains a great challenge because of the complex sources and formation mechanisms of aerosol particles. The 2014 Asia-Pacific Economic Cooperation (APEC) summit in Beijing serves as a unique experiment to study the impacts of emission controls on aerosol composition, size distributions, and oxidation properties. Herein, a high-resolution time-of-flight aerosol mass spectrometer was deployed in urban Beijing for real-time measurements of size-resolved non-refractory submicron aerosol (NR-PM 1 ) species from 14 October to 12 November 2014, along with a range of collocated measurements. The average (±σ ) PM 1 was 41.6 (±38.9) µg m −3 during APEC, which was decreased by 53 % compared with that before APEC. The aerosol composition showed substantial changes owing to emission controls during APEC. Secondary inorganic aerosol (SIA: sulfate + nitrate + ammonium) showed significant reductions of 62-69 %, whereas organics presented much smaller decreases (35 %). The results from the positive matrix factorization of organic aerosol (OA) indicated that highly oxidized secondary organic aerosol (SOA) showed decreases similar to those of SIA during APEC. However, primary organic aerosol (POA) from cooking, traffic, and biomass-burning sources were comparable to those before APEC, indicating the presence of strong local source emissions. The oxidation properties showed corresponding changes in response to OA composition. The average oxygen-to-carbon level during APEC was 0.36 (±0.10), which is lower than the 0.43 (±0.13) measured before APEC, demonstrating a decrease in the OA oxidation degree. The changes in size distributions of primary and secondary species varied during APEC. SIA and SOA showed significant reductions in large accumulation modes with peak diameters shifting from ∼ 650 to 400 nm during APEC, whereas those of POA remained relatively unchanged. The changes in aerosol composition, size distributions, and oxidation degrees during the aging processes were further illustrated in a case study of a severe haze episode. Our results elucidated a complex response of aerosol chemistry to emission controls, which has significant implications that emission controls over regional scales can substantially reduce secondary particulates. However, stricter emission controls for local source emissions are needed for further mitigating air pollution in the megacity of Beijing.
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Introduction
Atmospheric aerosols, especially fine particles of particulate matter (PM) with aerodynamic diameters less than 2.5 µm, play significant roles in human health hazards (Pope et al., 2009 ) and visibility reduction (Chow et al., 2002) . Atmospheric aerosols also exert highly uncertain effects on climate change (Forster et al., 2007) . Recently, the severe haze pollution, which is characterized by high concentrations of fine particles, has become a significant concern in China . Consequently, extensive studies have been conducted to investigate the sources, formation mechanisms, and evolution processes of haze pollution during the last decade. The results showed that fine particles were mainly composed of organic matter (OM) and secondary inorganic aerosol (SIA) including sulfate, nitrate, and ammonium. The major sources of PM 2.5 were also identified and quantified by using receptor models, e.g., factor analysis, chemical mass balance, positive matrix factorization (PMF) (Zheng et al., 2005; Song et al., 2006; Wang et al., 2008; , and tracer-based methods (Dan et al., 2004; Cao et al., 2005; Guo et al., 2012) . Overall, traffic exhaust, industrial emissions, coal combustion, biomass burning, and secondary aerosols were the major sources of PM 2.5 . Cooking aerosol (COA) was also found to be a significant contributor of PM 2.5 in urban environments (Huang et al., 2010b; . Recent studies further highlighted the important roles of SIA and secondary organic aerosols (SOA) in the formation of severe haze pollution Huang et al., 2014; Jiang et al., 2015; Zheng et al., 2015) . The substantial emissions from primary sources and rapid secondary aerosol formation coupled with stagnant meteorological conditions lead to frequent haze pollution in China, particularly during winter . However, most previous studies are based on filter measurements with a time resolution ranging from hours to days, and our knowledge of the rapid formation of severe haze remains limited. Although recent real-time measurements of aerosol composition have improved our understanding of the evolutionary processes of haze pollution, most of them focus on chemical composition and source analysis, and the oxidation properties of aerosol particles remain less understood.
The aerodyne aerosol mass spectrometer (AMS) is unique for real-time characterization of size-resolved non-refractory submicron aerosol (NR-PM 1 ) composition (Jayne et al., 2000) . The first deployments of quadrupole AMS (Q-AMS) at urban and rural sites (Yufa) in Beijing in 2006 showed significant differences in aerosol chemical compositions between the two sites. Organics dominated NR-PM 1 at both sites (33-35 %), whereas nitrate presented a much higher contribution at the urban site (22 %) than at the rural site (11 %). Three types of organic aerosol (OA) were identified: a hydrocarbon-like aerosol (HOA) from the primary emissions and two oxygenated organic aerosol (OOA) from the secondary formation . The results highlighted the importance of SOA in summer, which on an average contributed 61 % of the total OA. The high-resolution time-of-flight AMS (HR-AMS), which provides more detailed chemical information and oxidation properties of OA, was first deployed in Beijing during the 2008 Olympic Games (Huang et al., 2010b) . COA was first resolved by using AMS in Beijing and was observed to contribute a large fraction (25 %) of the total OA. The elemental composition of OA factors was also determined. The oxygen-to-carbon (O / C) ratios of SOA (0.47-0.48) were significantly higher than those of primary OA (0.11-0.17), indicating significant differences in the oxidation degrees of primary and secondary aerosols. Since 2008, the HR-AMS has been deployed in various environments, mainly in Beijing (J. K. Zhang et al., 2015; Sun et al., 2015a) , the Yangtze River Delta (YRD) , the Pearl River Delta (PRD) Huang et al., 2011) , and Lanzhou in northwest China (Xu et al., 2014) . The average mass concentrations of submicron aerosol (PM 1 ) in China ranged from 15 to 67 µ g m −3 with organics constituting the major fraction (28-52 %). The OA factors identified by PMF analysis include HOA, COA, biomass-burning (BBOA), coal combustion (CCOA), semi-volatile OOA (SV-OOA), and lowvolatility OOA (LV-OOA). The OA factors varied substantially with seasons and sampling site environments.
Despite these results, few HR-AMS measurements have been reported in Beijing. Although the recent deployments of an aerosol chemical speciation monitor (ACSM) have illustrated the chemical evolution of aerosol species and OA factors in various seasons (Sun et al., , 2015b , our understanding of the evolution of size distributions and elemental composition of OA in Beijing is still limited. J. K. reported a detailed characterization of submicron aerosol composition, OA composition, and elemental composition of OA in January 2013. The results highlighted the vast differences in aerosol chemistry between clean and polluted days. Zhang et al. (2015) further analyzed two HR-AMS data sets collected in August and October in Beijing. The results showed higher oxidation degree of OA in summer than that in fall, in addition to differences in OA compositions during the two seasons.
Compared with previous HR-AMS measurements in Beijing, this study was conducted at a unique time during the Asia-Pacific Economic Cooperation (APEC) summit. To ensure good air quality during APEC, strict emission controls were implemented in Beijing and in the surrounding regions, which included restrictions on the number of vehicles in operation, factory operations, construction activities, and open barbeques. This study provides a unique opportunity to study the impacts of source emissions on aerosol chemistry in a megacity such as Beijing. Similar emission controls, including temporary closures of factories and restrictions on traffic, were implemented to a lesser degree during the 2008 Olympic Games (Cermak and Knutti, 2009 ). Numerous stud-
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ies have investigated the impacts of emission controls on reductions in PM levels and secondary aerosol precursors during the Olympic Games. Emission controls were shown to significantly reduce primary aerosols and traffic-related gaseous and volatile organic compounds (Wang et al., 2010; Wang et al. 2011; Shao et al., 2011; Guo et al., 2013) , although the impacts on secondary species were significantly lower (Wang et al., 2010; Guo et al., 2013) . In addition, meteorological conditions were shown to play a more important role than emission controls in reducing PM levels during the Olympic Games Cermak and Knutti, 2009) . Therefore, significant uncertainties remain despite investigations of the response of aerosol chemistry to emission controls, and the link between emission controls and sources and the chemical composition of aerosol particles is far from being clearly understood.
In this study, we conduct real-time measurements of sizeresolved NR-PM 1 composition by using an HR-AMS along with a suite of collocated instruments from 14 October to 12 November 2014. The submicron aerosol composition, diurnal variations, size distributions, elemental composition, and sources of OA are investigated in detail. In particular, the impacts of emission controls and meteorological variables on aerosol composition, size distributions, and oxidation properties are elucidated by comparing the aerosol chemistry before and during APEC. In addition, a comprehensive analysis is performed to illustrate the chemical evolution of aerosol properties during a severe haze pollution event.
Experimental methods

Sampling and instrumentation
Sampling
This study took place from 14 October to 12 November 2014, at the Institute of Atmospheric Physics, Chinese Academy of Sciences, between the north 3rd and 4th ring roads in Beijing. The HR-AMS was stored in a trailer near ground level with a sampling height of approximately 4 m. Aerosol particles were sampled into the trailer at a flow rate of 10 L min −1 , of which ∼ 0.1 L min −1 was isokinetically sampled into the HR-AMS. A PM 2.5 cyclone (model URG-2000-30EN) was mounted in front of the sampling line to remove coarse particles larger than 2.5 µm. In addition, aerosol particles were dried by a diffusion silica-gel dryer before sampling into the HR-AMS. The collocated measurements in the trailer included particle extinction (630 nm) of PM 2.5 by a cavity attenuated phase shift extinction monitor (CAPS PMext, Aerodyne Research Inc.), gaseous NO 2 by a CAPS-NO 2 monitor, and black carbon (BC) by a two-wavelength Aethalometer (model AE22, Magee Scientific Corp.). In addition, gaseous species (such as CO, O 3 , NO, NO y , and SO 2 ) were simultaneously measured at a nearby two-story building by using a series of gas analyzers from Thermo Scientific. Meteorological parameters such as relative humidity (RH), temperature, wind speed (WS), and wind direction (WD) were obtained at 15 heights from the Beijing 325 m meteorological tower, which is approximately 30 m from the sampling site. The wind profiles, including WS and WD between 100 and 5000 m, were measured by a Doppler wind lidar (Windcube 200, Leosphere, Orsay, France) at the same location. All of the data in this study are reported in Beijing Standard Time (BST), which is equivalent to Coordinated Universal Time (UTC) plus 8 h.
HR-AMS operations
The HR-AMS was operated by alternating the mass-sensitive V-mode and the high-mass-resolution W-mode every 5 min. Under V-mode operation, the HR-AMS cycled through the mass spectrum (MS) and particle time-of-flight (PToF) modes every 10 s. No PToF data were collected in the Wmode due to the limited signal-to-noise (S/N ) ratio. The particle-free ambient air was sampled and analyzed to determine the detection limits (DLs) of NR-PM 1 species and the fragment ion ratios of gases for subsequent high-resolution analysis. The 5 min DLs of organics, sulfate, nitrate, ammonium, and chloride of V-and W-modes determined as 3 times the standard deviations (3σ ) were 0.017, 0.010, 0.0016, 0.0014, and 0.004 µg m −3 and 0.030, 0.035, 0.026, 0.0049, and 0.032 µg m −3 , respectively. Prior to this study, the ionization efficiency (IE) and particle sizes were calibrated using pure ammonium nitrate particles and polystyrene latex spheres (PSL; density: 1.05 g cm −3 ), respectively, following previous standard protocols (Jayne et al., 2000; Jimenez, 2003; Drewnick et al., 2005) .
HR-AMS data analysis
The mass concentrations and size distributions of NR-PM 1 were analyzed by using standard AMS data analysis software (SQUIRREL v1.56 and PIKA v 1.15D) written in Igor Pro 6.12A (Wavemetrics, Lake Oswego, OR, USA). A constant collection efficiency (CE) of 0.5 was applied for the quantification of NR-PM 1 species because aerosol particles were dry and were slightly acidic as indicated by NH + 4 measured / NH + 4 predicted (i.e., 0.75) . In addition, the overall mass fractions of ammonium nitrate were below the threshold value (40 %) that significantly affects the CE (Matthew et al., 2008) . Therefore, the three major factors, humidity, particle acidity, and ammonium nitrate fraction, did not significantly affect the universal CE = 0.5, which has been widely used in numerous AMS studies. However, a constant CE value may introduce an uncertainty of 20-30 % for the mass concentrations of NR-PM 1 species (Middlebrook et al., 2012) . The default relative ionization efficiencies of 1.4 for organics, 1.2 for sulfate, 1.1 for nitrate, and 1.3 for chloride were used (Allan , 2003) in this study; that for ammonium, 5.0, was determined from pure NH 4 NO 3 particles. The total PM 1 mass (i.e., NR − PM 1 + BC) agreed well with PM 2.5 (R 2 = 0.86). The average ratio of PM 1 / PM 2.5 , 0.77, was also consistent with that reported in previous studies . This result further supports that CE = 0.5 is reasonable for this study.
The high-resolution mass spectra (HRMS) of the V-and W-modes were analyzed for ion-speciated fragments of
The elemental composition of OA, including ratios of oxygen-to-carbon (O / C), hydrogen-to-carbon (H / C), organic mass to organic carbon (OM / OC), and nitrogen-tocarbon (N / C), was determined by using the elemental analysis approach recommended by Aiken et al. (2007) , referred to here as Aiken ambient (A-A). We also calculated the elemental ratios using the improved calibration factors recommended by Canagaratna et al. (2015) , referred to here as improved ambient (I-A). The average A-A H / C and O / C ratios were 1.55 and 0.41, which are respectively 8 and 20 % lower than the I-A H / C and O / C ratios of 1.69 and 0.51. For consistency with previous studies, the elemental composition determined from the A-A approach was reported in this study. The PMF2.exe algorithm (v4.2) in robust mode (Paatero and Tapper, 1994) was applied to the HRMS matrix (4158 × 306) of OA for the entire study period to resolve distinct OA factors representing specific sources and processes. Values of m/z larger than 120 were excluded due to the limited mass resolution in separating higher mass ions.
Isotopic ions scaled on the basis of the signals of parent ions were also excluded. Such exclusion had a minor impact on the total mass (∼ 2-3 %). Other data pretreatments were similar to those reported in previous studies; that is, the bad ions with S/N <0.2 were removed, and the weak ions with 0.2 < S/N < 3 were further down-weighted by increasing their errors by a factor of 3.
The PMF solutions were investigated in detail by evaluating the mass spectral profiles and time series of OA factors (1 to 10) as a function of rotational parameter (f Peak ). By comparing the mass spectral profiles of OA factors with previously reported standard mass spectra, and the time series with external tracers, such as CO, NO x , BC, SIA, C 3 H 5 O + , and C 2 H 3 O + , a six-factor solution with f Peak = 0 was selected in this work. The five-factor solution yielded a mixed SOA factor and the seven-factor solution split the SV-OOA into two components, which cannot be reasonably explained due to limited external tracers. A summary of the key diagnostic plots of the PMF results is shown in Figs. S1-S3 in the Supplement. Figure 1 shows the time series of submicron aerosol species during the entire study period. All aerosol species varied dramatically between haze episodes and clean periods. As indi- cated in the figure, three evident pollution episodes before APEC and two episodes during APEC were observed. The formation and evolution of the haze episodes were closely related to stagnant meteorology characterized by low WS and high RH. The average (±σ ) mass concentration of PM 1 was 41.6 (±38.9) µg m −3 during APEC, which was 52.7 % lower than the 88.0 µg m −3 measured before APEC. Periods of high PM 1 concentration (> 60 µg m −3 ) accounted for 56.7 % of the time before APEC and 22.6 % during APEC. These results indicate significant reductions in PM during APEC, particularly for pollution events with high PM 1 loading. The variations of inorganic aerosol and organics showed different behaviors before and during APEC. Figure 1c shows clear decreases in inorganic aerosol species on 3 November, when emission controls were first implemented in Beijing. Relatively low ambient levels were maintained on 6 November, when far stricter emission controls were imposed in Beijing and in the surrounding regions. As a comparison, the variations in organics were more dramatic, and the changes during APEC were not as significant as those for inorganic aerosol species. Although SIA, such as sulfate, nitrate, and ammonium, were decreased by 62-69 % during APEC, organics showed a much smaller decrease of 35 % ( Table 1 ). The chemical composition of PM 1 before APEC was mainly composed of organics, accounting for 38.0 %, followed by nitrate at 26.4 % and sulfate at 13.7 %. The average aerosol composition during APEC showed significant changes. The contribution of organics showed a large increase, accounting for more than half of PM 1 , whereas that of SIA was decreased from 51.2 to 35.4 %. These results suggest different responses of SIA and OA to emission controls. However, the measurements at 260 m at the same location showed significant decreases of 40-80 % for all aerosol species during APEC, whereas the bulk aerosol composition was relatively similar before and during APEC as a result of synergetic controls of aerosol precursors over a regional scale . These results indicated the different sources of aerosol particles between the ground site and 260 m. Compared with previous AMS studies in Beijing, we observed a significantly higher nitrate contribution before APEC in summer 2008 (15.8 %) (Huang et al., 2010b) and in winter 2011-2012 (16.0 %) . The average mass ratio of NO 3 / SO 4 was 1.78, which is also significantly higher than the values (0.78-1.04) previously reported in China (Y. Zhang et al., 2012; . A high nitrate contribution to PM 1 was also observed at 260 m, which accounted for 27 and 29 %, respectively, before and during APEC . Thus, our results elucidate the important role of nitrate in PM pollution during the study period.
Results and discussion
Mass concentrations and chemical composition
Diurnal cycles
The diurnal cycles of PM 1 species before and during APEC are illustrated in Fig. 2 . SIA showed similar pronounced diurnal cycles before APEC, which were all characterized by gradual increases during daytime. Such diurnal cycles were primarily driven by photochemical processing, considering the rising planetary boundary layer height during daytime. Similar diurnal cycles of SIA were also observed during winter in 2011-2012 . Note that the ratio of NO 3 / SO 4 was not constant throughout the day. In fact, a gradual decrease in NO 3 / SO 4 from ∼ 2.2 to 1.9 was observed during daytime, indicating additional evaporative loss of nitrate particles because of gas-particle partitioning. The diurnal cycles of SIA during APEC differed significantly. The concentrations of SIA at night were nearly twice that during the day. A detailed check of the meteorology and time series of aerosol species during APEC revealed that the routine circulation of mountain-valley breeze played a dominant role in driving the diurnal variations. As indicated in Fig. 1 , a northwesterly mountain-valley breeze occurred regularly at midnight on 9-10 November when the mass concentrations of aerosol species began to decrease. The mountain-valley breeze dissipated at approximately noon when the WD changed from the northwest to the south, and the mass concentrations reached the minimum daily level. Consequently, the change percentages of SIA (i.e., (
showed pronounced diurnal cycles with the greatest decrease during daytime. Because SIA was formed mainly over a regional scale and was less influenced by local sources, we can roughly estimate the relative contributions of emission controls and mountain-valley breeze effects. Assuming that the decreases in SIA during APEC were caused mainly by emission controls and the mountain-valley breeze, and that the decreases in SIA at night without the mountain-valley breeze were caused solely by emission controls, we can estimate that approximately 27 % of reduction in sulfate and nitrate during the day was caused by the cleaning effects of the mountainvalley breeze.
Organics showed a substantially different diurnal cycle from that of SIA, characterized by a pronounced nighttime peak and a visible noon peak. The diurnal cycles of OA factors indicated that such diurnal variations were mainly driven by local primary sources such as cooking, traffic, and biomass-burning emissions. Although organics showed a decrease of approximately 60 % during daytime, the differences before and during APEC were much smaller at nighttime, indicating that strong local sources emissions remained during APEC despite the strict emission controls. Chloride, mainly from combustion sources, e.g., biomass burning and coal combustion (Levin et al., 2010; H. Zhang et al., 2012) , showed similar diurnal cycles before and during APEC with the greatest reduction occurring during daytime. Similarly, the small decrease in chloride at nighttime likely indicates the presence of a considerable amount of combustion emissions during APEC. The diurnal cycles of BC were similar before and during APEC, both characterized by significantly higher concentrations at nighttime that during the day. Such a diurnal cycle of BC is similar to that previously observed in Beijing , indicating higher BC source emissions during nighttime. This result is consistent with the diurnal variations of diesel trucks and heavy-duty vehicles that are only allowed to operate inside the city between 22:00-06:00. Different from other aerosol species, the reduction in BC was relatively constant at 47.0-67.5 % throughout the day, suggesting similar BC sources before and during APEC, but with different emission intensities. In addition, the mountain-valley breeze effect on BC was different from that on other species, likely due to the similar BC levels in northwest and south Beijing. 
Composition and sources of OA
Six OA factors were identified by PMF analysis of HRMS of OA, including four primary OA factors (HOA, BBOA, COA1, and COA2), and two secondary OA factors (SV-OOA and LV-OOA). The mass spectra and time series of the six OA factors are shown in Fig. 3 .
The HOA spectrum was characterized by prominent hydrocarbon ion series of C n H + 2n+1 and C n H + 2n−1 , which is consistent with that observed at various urban sites (Huang et al., 2010b; Sun et al., 2011; Xu et al., 2014) . The O / C ratio of HOA was 0.17, which is considerably higher than 0.03-0.04 measured from diesel and gasoline exhausts (Mohr et al., 2009 ) and slightly higher than 0.11-0.13 observed in the YRD , and the PRD in China , indicating that the HOA in this study was relatively oxidized. HOA correlated well with BC (R 2 = 0.78) during APEC, and the average HOA / BC ratio of 1.2 was consistent with that obtained in other megacities such as Mexico City and New York City . Although HOA also tightly correlated with BC before APEC (R 2 = 0.66), a significantly lower ratio of HOA / BC (0.57) was observed. These results suggest a substantial change of the sources of either HOA or BC during APEC. As shown in Fig. 2 , BC showed large reductions similar to those of SIA during APEC, suggesting that a large fraction of BC was likely from regional transport. This result is consistent with a recent study at an urban site in Lanzhou (Xu et al., 2014) in which 53 % of BC was found to be associated with SIA and SOA, and the rest (47 %) was from local primary emissions. Therefore, we infer that the HOA / BC ratio of 1.2 during APEC is likely representative of local source emissions, whereas lower HOA / BC ratios before APEC indicate additional BC sources such as regional transport. Therefore, the HOA / BC ratio can be used to indicate the relative importance between local emissions and regional transport. The increase in the HOA / BC ratio during APEC illustrates a significant reduction of BC from regional transport owing to emission controls over a regional scale. Sun et al. (2014) also reported a large decrease in the HOA / BC ratio during severe haze episodes in which approximately 53 % of BC was from regional transport.
The HOA / CO ratios were similar before and during APEC, at 1.64 and 1.40, respectively, but were significantly lower than the values reported in Mexico City (Aiken et al.,
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) and Fresno, California (Ge et al., 2012b) at 5.71 and 5.64, respectively. A likely explanation is that more complex sources of CO from traffic, cooking, and biomass burning were measured in this study. Indeed, HOA only correlated moderately with CO (R 2 = 0.39) before APEC. HOA showed similarly pronounced diurnal cycles before and during APEC with nighttime concentrations approximately 4-6 times that during the day (Fig. 5) . The diurnal cycle of HOA resembled that of BC, yet the reduction during APEC was significantly smaller, ranging from ∼ 20 to 50 % between 09:00 and 24:00. Note that the HOA concentration between 00:00 and 03:00 during APEC was even slightly higher than that before APEC, indicating the presence of emissions from diesel trucks and heavy-duty vehicles during this period. This result is consistent with the fact that vehicles use was limited only between 03:00 and 24:00 during APEC.
The mass spectra of the two COA factors were both characterized by high ratios of m/z 55/57, at 2.4 and 2.1, respectively, which is consistent with the spectral characteristics of fresh cooking aerosols (Mohr et al., 2009; and that of COA ubiquitously observed in megacities (Huang et al., 2010b; Sun et al., 2012b; Ge et al., 2012a) . As shown in Fig. 3 , the O / C of COA1 was 0.07, which is significantly lower than 0.19 of cooking organic aerosol 2 (COA2), suggesting significant differences in oxidation properties. Moreover, COA1 correlated more strongly with the tracer ion C 6 H 10 O + of COA ) (R 2 = 0.96) than COA2 (R 2 = 0.81-0.83), which is indicative of their different sources. The diurnal cycles of COA1 and COA2 were both characterized by pronounced evening peaks with maximum concentrations occurring between 20:00 and 21:00, indicating the large amount of cooking activities at nighttime. Note that the diurnal cycle of COA1 showed clear morning and noon peaks associated with breakfast and lunch emissions, which were almost invisible for COA2. Interestingly, a significant decrease in COA1 concentration was not observed during APEC, suggesting similar local cooking sources near the sampling site before and during APEC. However, COA2 showed a considerable reduction from late afternoon to midnight during APEC. This result suggests that the sources of COA2 were controlled to a certain degree during APEC. Considering that the major control of cooking emissions was the banning of open charcoal grills, we conclude that the COA2 was primarily from charbroiling emissions, whereas COA1 was more like a factor of regular cooking emissions.
The BBOA spectrum showed pronounced peaks at m/z 60, mainly C 2 H 4 O 2 + , and m/z 73, mainly C 3 H 5 O 2 + ; these two maker ions indicate the presence of biomass burning (Alfarra et al., 2007; Aiken et al., 2009; Cubison et al., 2011) . BBOA correlated strongly with C 2 H 4 O 2 + before and during APEC (R 2 = 0.65 and 0.88, respectively). The weaker correlation before APEC is likely due to other source contributions to C 2 H 4 O + 2 such as cooking aerosol. The O / C ratio of BBOA was 0.50, which is significantly higher than that observed in Kaiping and Jiaxing in China at 0.26-0.27 (Huang et al., 2011, 2013) , and in Mexico City at 0.30 ; the f 44 of BBOA (11.3 %) was higher as well. Since biomass burning, e.g., agricultural burning in October, was rare inside the city of Beijing, the observed BBOA was expected to be mainly from regional transport. Previous studies have shown that BBOA can be rapidly oxidized in the atmosphere, leading to a decrease in f 60 and a corresponding increase in f 44 (Cubison et al., 2011) . Therefore, we infer that BBOA in this study was an aged BBOA from regional transport. In fact, the O / C ratio of BBOA was close to that of the aged BBOA observed from the aircraft measurements during the Megacity Initiative: Local and Global Research Observations (MILAGRO) project in 2006 . The diurnal cycles of BBOA differed substantially before and during APEC. Although relatively flat before APEC, it presented a pronounced diurnal variation with nighttime concentration approximately 3 times that during daytime. Although the daytime BBOA concentration was reduced by ∼ 40 % during APEC, the nighttime concentration was even higher than that before APEC. These results suggest that significant biomass-burning emissions remained in the surrounding regions of Beijing during APEC. The low daytime concentration was found to be mainly associated with the mountain-valley breeze that carried aerosols from the northwest with significantly lower biomass-burning emissions to Beijing. Compared with primary organic aerosol (POA), the two OOA factors, SV-OOA and LV-OOA, showed significantly higher f 44 and O / C ratios. The f 44 and O / C of LV-OOA were 0.22 and 0.99, respectively, indicating that LV-OOA was a highly aged SOA. Indeed, the O / C of LV-OOA in this study was even higher than that previously observed at various urban sites in China, e.g., Shanghai, Lanzhou, Shen- zhen, and Hong Kong at ∼ 0.6-0.8 Huang et al., 2012; Lee et al., 2013; Xu et al., 2014) . LV-OOA highly correlated with SIA before and during APEC (R 2 = 0.98 and 0.94, respectively), indicating the secondary nature of LV-OOA. The diurnal cycle of LV-OOA before APEC showed a gradual increase during daytime, although the absolute increase at ∼ 4 µg m −3 was significantly smaller than the background concentration at ∼ 8 µg m −3 . This result indicates that LV-OOA was mainly from regional transport, which is consistent with its high oxidation properties. Comparatively, LV-OOA showed a similar diurnal cycle as that of SIA during APEC characterized by a higher concentration at nighttime. As indicated in Fig. 4 , LV-OOA showed the greatest reduction among OA factors, at 60-80 %, which indicates that regional emission controls exerted the most impact on LV-OOA. SV-OOA showed moderately high f 44 and O / C at 0.15 and 0.47, respectively, suggesting a lesser degree of photochemical processing. SV-OOA correlated with nitrate (R 2 = 0.50), indicating similar semi-volatile properties (Ulbrich et al., 2009). However, significant differences in variation between SV-OOA and nitrate were also observed occasionally. In particular, the time series of SV-OOA showed sporadic peaks corresponding to those of COA, BBOA, and HOA, yet they were not observed in the nitrate time series. These results might suggest that part of freshly emitted OA can be rapidly oxidized to form SV-OOA. The diurnal cycle of SV-OOA before APEC showed an evident daytime increase, indicating photochemical processing. However, such a diurnal cycle was not observed during APEC. These results indicated that photochemical processing was not the major factor driving the diurnal variation of SV-OOA during APEC. In fact, we determined that the mountain-valley breeze played a more important role.
Overall, SOA dominated the OA composition before APEC with SV-OOA and LV-OOA accounting for 24.4 and 30.0 %, respectively. POA together accounted for 45.4 % of the total OA with cooking aerosol being the largest component at 23 %. It should be noted that the COA contribution varied significantly throughout the day. Although COA showed a contribution of generally less than 20 % during daytime, its contribution reached as high as 40 % at dinner time (Fig. 4) . BBOA also comprised a considerable fraction of OA, at 12.2 % on average. The average mass concentrations of SV-OOA and LV-OOA showed large decreases by 56 and 74 %, during APEC, respectively (Table 1) , whereas those of primary OA showed significantly lower decreases ranging from 16 to 27 %. As a result, the bulk OA composition showed a substantial change during APEC. For example, the contribution of SOA decreased from 54 % before APEC to 34 % during APEC. Correspondingly, all primary OA factors showed elevated contributions to OA. As a comparison, POA at 260 m with much less influences from local sources showed a similar reduction to SOA . Our results have significant implications that controlling secondary precursors over regional scales can reduce secondary particulates substantially and hence mitigate air pollution in megacities. As previously discussed, the reduction of local primary emissions was significantly less than that of secondary aerosol during APEC; therefore, stricter control of local source emissions is crucial for improving air quality in the future.
The RH and wind dependence of SV-OOA and LV-OOA before and during APEC are shown in Fig. 6 . Both SV-OOA and LV-OOA showed clear concentration gradients as a function of RH with higher concentrations associated with higher RH levels. The lowest concentrations of SV-OOA and LV-OOA were observed at low RH levels (<30 %) with northerly winds. No significant differences in SOA, particularly LV-OOA, were noted between the south and the north when the WS (280 m) was less than 4 m s −1 and the RH was above 60 %, indicating that SOA was relatively evenly distributed around the sampling site under stagnant meteorological conditions. The ratio of LV-OOA / SV-OOA was larger than 1 for most of the time at RH > 60 %, suggesting a more important role of highly oxidized SOA at high RH levels. In contrast, SV-OOA was more important than LV-OOA at low RH levels. SV-OOA and LV-OOA during APEC generally showed similar RH-and wind-dependent patterns (Fig. 6b, d) . By comparing the SV-OOA and LV-OOA before and during APEC under similar RH and wind conditions, we can evaluate the impacts of emission controls on SOA. Both SV-OOA and LV-OOA showed significant reductions at RH > 40 % suggesting that regional emission controls played a significant role in suppressing the formation of SOA. However, small changes and even increases of SV-OOA and LV-OOA in the low RH region from the north were observed, which is consistent with the fact that emission controls were implemented mainly in the regions south of Beijing. Figure 6f shows a very different ratio of LV-OOA / SV-OOA during APEC. In particular, SV-OOA was higher than LV-OOA for most of the time, indicating that SOA was less oxidized during APEC. Figure 7 presents the average mass-weighted size distributions of NR-PM 1 species before and during APEC. The size distributions of OOA were derived from that of m/z 44 by normalizing the integrated signals of m/z 44 between 30 and 1500 nm to the concentrations of OOA . This method is rational because m/z 44 (mainly CO 2 ) strongly correlated with OOA (R 2 = 0.98). The size distributions of POA were then obtained from the differences between total OA and OOA. It should be noted that the OOA concentration might be slightly overestimated in small size ranges because ∼ 17 % of m/z 44 was constituted by POA. SIA and OOA showed similar single large accumulation modes peaking at ∼ 650 nm or even larger before APEC. In comparison, POA showed a much broader size distribution with the peak diameter occurring at ∼ 300 nm. The size-resolved composition showed a dominant contribution of POA in small size ranges, accounting for almost 80 % below 100 nm, whereas the contributions of SIA and OOA increased significantly from ∼ 20 % to more than 90 % as the particle diameter increased from 100 to 1000 nm. These results indicate the dominant contributions of secondary aerosol to accumulation-mode particles, whereas primary emissions played more significant roles in ultrafinemode particles. The differences in size distributions between POA and secondary aerosol also highlight their different sources and aging processes.
Size distributions
The size distributions of SIA and OOA showed substantial changes during APEC. Although the mass concentrations in the accumulation mode were reduced by approximately 50 %, the peak diameters also shifted to smaller sizes Atmos. Chem. Phys., 15, 13681-13698, 2015 www (∼ 400 nm). These results demonstrate that emission controls of secondary aerosol precursors exerted a dominant impact on accumulation-mode particles. As indicated in Fig. 1 , the duration time of pollution episodes before APEC was overall longer than that during APEC, indicating that secondary aerosol was less aged during APEC. This might also explained the smaller size of secondary aerosol species during APEC. In addition, we noted that the average RH during APEC was 37 %, which is lower than 53 % recorded before APEC. The relatively drier conditions during APEC also played a role in suppressing particle growth. Indeed, clear particle growth was observed during three episodes before APEC, although it was insignificant during APEC. Comparatively, the size distribution of POA remained relatively unchanged, indicating the presence of strong local source emissions during APEC. This result is consistent with the significantly smaller reductions of primary species than those of secondary species during APEC. Although the contribution of POA to NR-PM 1 showed a rapid decrease as a function of diameter, it still constituted a considerable fraction (∼ 30 %) at particle sizes larger than 30 nm. These results suggested that POA played an important role in PM pollution during APEC as a result of large reductions of secondary aerosol. As indicated in Fig. 8 , SIA and SOA showed consistently large accumulation modes at ∼ 500-800 nm throughout the day before APEC. This result is consistent with the fact that SIA and SOA were formed mainly over a regional scale and were relatively well processed in the atmosphere. Slight increases in particle diameters in the afternoon were also observed for SIA and SOA, indicating the role of photochemical processing. In contrast, SIA and SOA shifted to smaller sizes at ∼ 300-600 nm at various times of the day during APEC with the mass concentrations above 200 nm showing substantial decreases. As previously discussed, such changes in size and mass during APEC are the combined results of emission controls and meteorological effects. The POA showed significant differences in size evolution behavior from secondary aerosol. The POA size distribution was similar before and during APEC, both characterized by higher concentration at nighttime (19:00-03:00) with a peak diameter at ∼ 300 nm. Moreover, a considerable fraction of POA particles was found in ultrafine mode (< 100 nm), particularly in the evening time, indicating local fresh primary emissions. It is worth noting that POA during APEC showed higher mass concentrations between 00:00 and 03:00 than that before APEC, coinciding with a time without traffic control, and likely having more traffic emissions during APEC. Figure 9 shows the time series of elemental ratios for the entire study period. The O / C ratio, an indicator of the oxidation degree of OA, varied significantly from 0.11 to 0.72, indicating large variations of oxidation properties of OA in this study. The average O / C for the entire study was 0.41, which is higher than that observed at other urban sites in China, at 0.31-0.33 Huang et al., 2012; Xu et al., 2014; Zhang et al., 2015) , yet lower than those measured at rural/remote sites . These results indicate that the OA in this study was aged more than that at other urban sites in China. The OM / OC ratio showed similar variations as those of O / C (R 2 = 0.99), varying between 1.30 and 2.16 with an average value of 1.7 (±0.17). The average OM / OC was slightly higher than the 1.6 ± 0.2 value for urban OA recommended by Turpin and Lim (2001) , and the value of 1.6 previously reported in urban Beijing (Huang et al., 2010a; Zhang et al., 2015) . The average O / C and OM / OC during APEC were 0.36 (±0.10) and 1.64 (±0.13), respectively, which are lower than 0.43 and 1.75 before APEC, demonstrating a decrease in oxidation degree of OA during APEC. These results are consistent with the OA composition change during APEC, which showed a substantial decrease in SOA and a corresponding increase in POA. Figure 9 also shows that the O / C ratio exhibited a continuous increase during three severe pollution episodes on 17-20, 23-25, and 29-31 October with the exception of occasional decreases due to the influences of local POA. These results suggest that OA can be aged to a high degree (O / C > 0.6) during the evolution of severe air pollution. In contrast, such an aging process of OA was observed to be insignificant during APEC.
Elemental composition of OA
Both H / C and O / C ratios showed pronounced diurnal cycles before and during APEC (Fig. 9c, d ). The O / C ratio showed a gradual increase and reached a maximum value of 0.55 at 16:00 before APEC, indicating the photochemi- cal aging processes of OA. Such a photochemical driven diurnal variation of O / C was also observed at various sites in China Xu et al., 2014; Zhang et al., 2015) . The O / C also showed a temporal decrease at three times, corresponding to cooking activities. This result indicates that cooking aerosol can significantly influence the bulk oxidation degree of OA. Indeed, the diurnal variation of O / C ratio after excluding COA contributions was markedly smoother, varying from 0.5 to 0.65. The O / C ratio during APEC showed a diurnal pattern similar to that before APEC yet with lower values by ∼ 0.1 throughout the day. This result illustrates that the photochemical aging of OA was significantly less pronounced during APEC. The H / C ratios showed opposite diurnal cycles as those of O / C before and during APEC (Fig. 9) . Figure 10 shows a van Krevelen diagram for illustrating the evolution of OA before and during APEC. The aging of OA is generally characterized by an increase in O / C and a decrease in H / C. The different aging mechanisms of OA follow different slopes. Although H / C correlated strongly with O / C before and during APEC (R 2 = 0.84 and 0.81, respectively), the regression slopes differed. The slope of H / C vs. O / C during APEC was −0.58, which is steeper than −0.52 measured before APEC. This result indicates their slightly different aging processes are mainly driven by the additions of carboxylic acid with fragmentation . The slope in this study is less than that measured in Changdao at −0.63 , Shenzhen at −0.87 , and Kaiping in PRD at −0.76 , indicating that the aging mechanism of OA varies among different sites and seasons in China.
As shown in Fig. 11a , the O / C varied dramatically and showed no clear dependence on RH at low RH levels of < 60 %, although a positive increase as a function of RH before APEC was observed at RH > 60 %. These results might indicate that aqueous-phase processing at high RH levels increased the oxidation degree of OA. The POA with a high concentration at nighttime when RH is correspondingly high can have a large influence on the O / C of total OA, which explains the slight decrease in O / C as a function of RH during APEC. The O / C ratio of SOA was calculated, and its relationship with RH is shown in Fig. 11b . It is clear that the O / C ratio of SOA rapidly increased from 0.5 to 0.8 as the RH increased from 10 % to > 80 % before APEC. The O / C of SOA showed similar RH dependence during APEC. Such an increase is mainly caused by a faster increase of LV-OOA than that of SV-OOA. These results likely indicate that aqueous-phase processing produced highly aged OA during the severe haze pollution episodes. However, we found that LV-OOA tightly correlated with NO 3 (R 2 = 0.94), whereas aqueous-phase production appeared to play an insignificant role in nitrate formation during winter . Therefore, the highly aged OA at high RH levels was more likely due to the aging of LV-OOA for a longer time during the transport to Beijing. Further studies are needed to investigate the role of aqueous-phase processing in the alteration of the oxidation properties of OA.
Case study of the evolution of a severe haze episode
The 4-day evolution of a severe pollution episode was observed between 22 and 25 October, during which the average PM 1 concentration showed a 10-fold increase from < 30 to > 300 µg m −3 . As shown in Fig. 12 , this evolution period was characterized by prevailing southerly winds and air masses (Fig. S5 ), low WS (< 4 m s −1 ) across the entire layer below 500 m, and also relatively high RH (> 50 %). Routine circulations of mountain-valley breeze from the northwest and the northeast that occurred at midnight and dissipated at noon were also observed. However, the mountain-valley breeze did not appear to significantly affect the evolution of this haze episode likely because it was a regional haze event with a high PM concentration in the entire region of the North China (Fig. S4) .
The evolution of this haze episode can be classified into four stages with different aerosol composition and oxidation properties. The aerosol composition during the early formation stage (E1) was dominated by organics (53 %) with a small contribution from SIA (23 %). The OA showed dominant contributions from cooking (45 %) and traffic (19 %) sources, indicating that local sources played the most significant roles during this stage. Consistently, OA showed fresh properties with an average O / C ratio of 0.25. The aerosol composition had a substantial change during stage 2 (E2). Although the contribution of organics decreased to 41 %, those of sulfate and nitrate increased nearly by a factor of 2 (10 and 19 %, respectively). The O / C ratio of OA increased from ∼ 0.2 to ∼ 0.5, suggesting the occurrence of more aged air masses during E2. Indeed, the contribution of LV-OOA showed a great enhancement from 6 to 19 %, whereas that of SV-OOA exhibited minor changes. As this haze episode progressed (stage 3, E3), SIA exceeded organics and became the dominant component in PM 1 (53 %); in particular, nitrate accounted for nearly one-third of the total PM 1 mass. These results highlight the enhanced roles of SIA in severe haze episodes, which are consistent with the conclusions drawn in many previous studies in China (Huang et al., 2014; Sun et al., 2014) . OA was further aged during this stage with the O / C ratio approaching 0.6, and the highly oxidized LV-OOA accounting for nearly one-third of the total OA. The haze episode evolved further at 10:00 on 24 October with a large enhancement of PM 1 from ∼ 150 to > 200 µg m −3 , which remained consistently high for 1.5 days (stage 4, E4). The aerosol composition during this stage remained relatively constant. SIA contributed more than 60 % of the total PM 1 , and SOA accounted for 67 % of the total OA, which together contributed 82 % of the total PM 1 , further elucidating the significant role of secondary aerosol in haze formation.
Although SIA was observed to gradually increase during the evolution of this haze episode, primary aerosol species such as COA, HOA, and BC showed similar diurnal variations during E3 and E4, indicating relatively constant local emissions during these two stages. Although the daily maximum of O / C showed a continuous increase, pronounced diurnal cycles with the lowest values occurring at midnight were also observed due to the influences of local primary OA. The O / C of SOA was then calculated for a better illustration of OA aging. As shown in Fig. 12d , the O / C ratio of SOA showed a gradual increase from ∼ 0.55 to 0.8 during E1-E3 and remained consistently high (∼ 0.8) during E4. This result is consistent with the relative contributions of LV-OOA and SV-OOA during the four evolution stages. Although SV-OOA was higher than LV-OOA during E1, LV-OOA gradually exceeded SV-OOA and became the dominant contributor of OA during the following three stages. These results illustrate that the aging of the haze episode was associated with significant formation of highly oxidized OA. The van Krevelen diagram of H / C vs. O / C for this haze episode is shown in Fig. 10 . It is clear that OA evolved rapidly during this haze episode, showing an increase in O / C associated with a corresponding decrease in H / C with a slope of −0.6. Figure 13 shows the evolution of size distributions of sulfate, nitrate, and organics during this haze episode. Sulfate and nitrate showed evident particle growth as a function of time. Although broad size distributions peaking at ∼ 350 nm were observed during E1, the peak diameters gradually evolved to ∼ 700 nm during E4; these size distributions were characterized by single large accumulation modes. Organics showed similar size evolution behavior as that of sulfate and nitrate but presented significant contributions from particles smaller than 200 nm. In particular, the influences of local primary emissions such as cooking and traffic on small particles were observed at nighttime during 23-25 October. Overall, the aerosol composition, oxidation properties, and size distributions exhibited substantial changes during the evolution of the severe haze episode, which was characterized by the significant enhancement of SIA and SOA with high oxidation degrees and large particle diameters. 
Conclusions
China imposed strict emission controls in Beijing and its surrounding regions during the 2014 APEC summit. In this study, we present a detailed investigation of the impacts of emission controls on the changes in chemical composition, oxidation properties, and size distributions of submicron aerosols. The average mass concentration of PM 1 showed a substantial decrease from 88.0 µg m −3 before APEC to 41.6 µg m −3 during APEC. The aerosol composition also showed significant changes. Although submicron aerosols were composed mainly of organics, at 38.0 %, followed by nitrate at 26.4 % and sulfate at 13.7 % before APEC, the contribution of organics was observed to have a significant increase at 52.4 % associated with a significant reduction of SIA during APEC. This result demonstrates the different responses of SIA and OA to regional emission controls. PMF analysis of OA identified three primary sources including traffic, cooking, and biomass-burning emissions and two secondary factors with different oxidation degrees. The highly oxidized LV-OOA showed reductions similar to those of SIA with the contribution to OA decreasing from 30 to 14 %. In contrast, POA showed elevated contributions indicating the presence of strong local source emissions during APEC. The O / C ratio of OA decreased from 0.43 to 0.36, demonstrating a decrease in the oxidization degree of OA during APEC. The peak diameters in size distributions of SIA and SOA were ∼ 650 nm or even larger before APEC and shifted to smaller sizes of ∼ 400 nm during APEC. This result illustrates that emission controls of secondary aerosol precursors exerted a dominant impact in reducing accumulation-mode particles. Comparatively, the size distributions of POA remained rel-atively unchanged. Therefore, our results elucidated significant changes in chemical composition, size distributions, and oxidation properties of aerosol particles as a result of emission controls and meteorological effects. In addition, we observed significant changes in aerosol properties during the aging processes of a severe haze pollution episode, which was typically characterized by a gradual increase of SIA and SOA with higher oxidation degrees and large particle diameters. Note that the routine circulation of a mountain-valley breeze during APEC was also observed to play a role in achieving "APEC blue" by conditions reducing PM levels substantially during daytime. Despite the fact that controlling secondary aerosol precursors over regional scales can substantially reduce secondary particulates, stricter controls of local source emissions are needed for further mitigation of air pollution in Beijing.
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